The current working hypothesis concerning the pathogenesis of humab pulmonary emphysema proposes 
Introduction
The protease-antiprotease hypothesis of emphysema has recently been reviewed (1, 2) and evaluation ofthe "state-of-the-art" suggests that an elastase can induce emphysema in the lungs of animal models, that alpha-l-protease inhibitor is important in the protection of the lower respiratory tract of humans (3) or animal models (4) , and that cigarette smoke may be linked to the development ofemphysema because ofits ability to stimulate the recruitment of elastase-containing cells to the alveolar interstitium, inactivate elastase inhibitors, and interfere with elastin resynthesis. Thus, the working hypothesis proposes that neutrophils, responding to a chemotactic gradient, can degranulate and release their elastase, which may reach the alveolar interstitium during neutrophil migration. If the elastase is uninhibited by, or protected from, endogenous protease inhibitors, or if it over-whelms the inhibitor protective screen, the neutrophil elastase binds to and degrades elastin or other connective tissue proteins (5) (6) (7) (8) . Although circumstantial evidence supports this "proteaseprotease inhibitor balance" hypothesis (9) , direct evidence for its role in the pathogenesis of human emphysema is lacking.
This report describes an ultrastructural immunohistochemical method that was used to localize elastase in the lung interstitium. Polyclonal antibodies, against human neutrophil elastase, were applied to thin, embedded sections of human lung prepared for electron microscopy. Using both the immunoperoxidase and the immunogold methods, elastase was localized in the azurophil granules of human peripheral blood neutrophils, in neutrophils present in the lung interstitium, and extracellularly in association with elastic fibers in human emphysematous lungs. Quantitative data obtained from eight patients undergoing surgical lung resection for bronchogenic carcinomas show a correlation between the extent ofdistribution of neutrophil elastase associated with alveolar interstitial elastin and the mean linear intercept (MLI)' ofthe resected lung tissue. This method provides information regarding the relative amount and the distribution ofelastase in the lung. It contributes significant evidence in support of the "balance" hypothesis as a contributing factor in our understanding of the pathogenesis of human emphysema.
Methods
Preparation oflung tissue Human lung tissue was obtained, after informed consent, from eight patients undergoing lobectomy for pulmonary carcinoma. Age, smoking history, and involved lobe for each patient are shown in Table I . The ages of the patients ranged from 40 to 76 yr, and right or left upper or lower lobes from both male and female patients were studied. Smoking history showed a wide range while preoperative spirometry (Table II) The resected lobes from each patient were fixed for 24 h by instllation of4% formaldehyde into the airways at constant transptilmonary pressure of 25 cm water. After fixation, each lobe was cut sagitally into six slices and one tissue sample was randomly selected from each lung slice. Histologic slides were prepared from each of the tissue specimens. Four of the six histologic slides that exhibited well-inflated parenchymal tissue and were free of atalectasis, larger bronchioles, or major blood vessels were used to determine the subjective microscopic estimate and quantitative index ofthe severity of emphysema. 10 fields from each histologic slide were individually scored for the severity ofemphysema using scores of 1, 2, or 3 for mild, moderate, or severe emphysema, respectively, and the value of emphysema severity most frequently observed Was determined for each slide. In addition, MLI was also determined as a quantitative index ofemphysema severity for each ofthe histologic slides (10) .
The remaining portions of each of the tissue samples from which the histologic sections were taken were prepared for electron microscopic 1 . Abbreviations used in this paper: FEV, forced expiratory volume; FVC, forced vital capacity; MLI, mean linear intercept; PAP, peroxidase/antiperoxidase; % EPGS, percentage of eLastase-positive grid squares; alpha-1-PI, alpha-1-proteinase inhibitor. 
Preparation ofneutrophils
Human white blood cells, obtained from healthy volunteers, were fractionated using a Percoll gradient (12, 13) . Approximately 90% of the cells isolated were neutrophils. Viability was 95-98% as judged by the ability of the neutrophils to exclude 0.125% Trypan blue. The isolated neutrophils were prepared for electron microscopy by fixation of the cells in 0.5% glutaraldehyde in 330 mosmol Millonig's phosphate buffer (11) . The neutrophils were then washed several times with Tris buffer, pH 7.4, by centrifugation at 700 g for 10 min, resuspended, postfixed with 1% 0s04 buffered in 0.2 M sym-collidine, pH 7.4, pelleted by centrifugation, washed, dehydrated, and embedded in Epon.
Sample sectioning
The Epon blocks were trimmed and thick-sectioned (2 Mm) with the LKB Pyramitome (LKB Instruments, Inc., Gaithersburg, MD) 11800 (14) . These sections were stained with 1% toluidine blue in 1% sodium borate and the neutrophils or areas of parenchymal lung tissue were selected for thin sectioning by light microscopic inspection ofthe 2-,umthick sections. Three serial thin sections (60 nm thick), measuring 0.5 X 0.7 mm, were cut from each of the selected blocks. Mg ofelastase/mg dry wt elastin). The elastase-treated elastin powder was then fixed in 0.5% glutaraldehyde for I hr, embedded, and sectioned for electron microscopy studies.
Immunologic staining
Both the immunoperoxidase (20) and the immunogold methods (21) were used to localize elastase in thin sections prepared for electron microscopy. The initial step in both ofthese procedures involved incubation of the thin sections on the nickel grids in 0.5% bovine serum albumin (BSA) in 0.05 M Tris-saline, pH 7.6, for 10 min to block the nonspecific binding sites on the section surface. The sequence of steps listed below were then followed. Immunoperoxidase method. Thin sections of neutrophils or lung tissue on nickel grids were incubated in:
(a) Specific rabbit anti-human neutrophil elastase IgG or, for controls, preimmune IgG or specific rabbit anti-human neutrophil elastase IgG preadsorbed with excess antigen. The antibody solutions were diluted 1:100 with 0.5% BSA in 0.05 M Tris-saline, pH 7.6 (Tris), and incubated (j ) Counterstain in 1% uranyl acetate in water at 60'C for 3 min and lead citrate for 5 min at room temperature.
Immunogold method. The immunogold method included the first two steps described above for the immunoperoxidase method except that a dilution of 1:1,000 was used for rabbit anti-human neutrophil elastase IgG. The sections were then exposed to gold-conjugated goat anti-rabbit IgG (Structure Probe Inc., West Chester, PA) diluted 1:5 in Tris containing 0.5% BSA for 30 min. This was followed by three rinses in water and counterstaining with 1% uranyl acetate in water at 60'C for 3 min and lead citrate for 5 min at room temperature. 
Quantitation ofelastase distribution
Peroxidase method. Thin sections stained using the immunoperoxidase method were examined at approximately X 8000 magnification in the Jeol 100 CX transmission electron microscope (JEOL USA, Peabody, MA) at 80 kV. The electron microscope grid served as a sampling grid and each grid square containing lung tissue was examined to determine whether there was a peroxidase-positive reaction for elastase observed in association with interstitial elastin. The number of grid squares containing elastin and exhibiting a positive elastase reaction and the total number of grid squares containing elastin in the alveolar interstitium were determined for each ofthe sections. MLI was determined independently, by light microscopy, for each ofthe histologic slides. The fraction of elastase-positive grid squares expressed as a percent of total elastincontaining grid squares was correlated to the severity of emphysema by the method ofleast squares. Using linear regression analysis, an atn equation of the form Y = a + bX was obtained, where Y is the percent of elastase-positive grid squares and X is the mean linear intercept. The relationship between the distribution of elastase and the mean linear intercept was determined from the coefficient of correlation.
Gold method. Thin sections from each patient lung, immunologically stained using the immunogold method, were examined in the electron microscope and electron micrographs of the elastin in each grid square were taken. The number of gold particles was counted and the area of elastin on which the gold particles were observed was measured in square micrometers. The density of gold particles per square micrometer of elastin was determined for each ofthe micrographs and an average value of gold particle density on elastin in the lung parenchyma of the four samples from each patient was recorded. Gold particle densities on purified amorphous elastin and on elastin treated with elastase were also determined. For (Fig. 1 c) . In addition, the endogenous peroxidase, seen in Fig. 1 a, was not revealed in the azurophil granules when the primary, rabbit anti-human neutrophil elastase, antibody was omitted in the immunoperoxidase staining of the sections or when the sections were only treated with hydrogen peroxide and diaminobenzidine as shown in stepsf-j in the immunoperoxidase method. A similar negative reaction was observed for the controls treated with rabbit anti-human elastase IgG preadsorbed with an excess of antigen. These results show that endogenous peroxidase is inactivated during the embedding procedure and its activity does not cause a false "elastase-positive" reaction. At higher power, in Fig. 2 a, Fig. 2 b. An elastase-positive reaction was observed with accumulation of colloidal gold particles on the azurophil granules (solid arrows) while a negative reaction was observed on the specific granules (open arrows). Some intermediate-sized granules were also elastase-negative in the immunogold procedure (double arrows, Fig. 2 b) . Thus, the immunogold method corroborated the immunoperoxidase method and offered further proofthat the immunologic method localized elastase and not endogenous peroxidase within the .. Ctax A; s , A,* i H w * i X e e z s | $ 2 A l t * t e S ' -x v i azurophil granules. As expected, some nonspecific binding was observed on the nuclei, cytoplasm, and Epon. Quantitation of the average gold particle density on the azurophil granules was 50 times that observed for the average nonspecific background on the nuclei, cytoplasm, and Epon.
Localization of elastase in the alveolar interstitium. Using the method described above for peripheral blood neutrophils, elastase was identified both within neutrophils (Fig. 3) and extracellularly in the interstitium of alveolar walls. Immunogold localization of elastase within the largest granules of the interstitial neutrophil and extracellularly in association with elastin is demonstrated in Fig. 3 at the solid arrows and open arrows, respectively. Both the immunoperoxidase (Fig. 4 a) and immunogold (Fig. 4 b) methods showed localization ofextracellular neutrophil elastase in association with interstitial elastin. A positive reaction to elastase is demonstrated by the electron-dense peroxidase reaction product in Fig. 4 a and by the accumulation of colloidal gold particles in Fig. 4 b at the solid arrows in association with the elastin (E). Little or no elastase-positive reaction was found in association with basement membrane (BM) or with collagen (C) in Fig. 4 b. The level of the gold particle density measured on tissue components other than elastin was no greater than the background level. Similarly, macrophages which were only occasionally observed in these lung sections did not exhibit concentrations of gold particles above the back- Regions without elastase could be found in all ofthe lung sections examined. Some sections from mild emphysematous lungs, rated subjectively as 1, were completely free of elastase-positive reaction product and exhibited little or no gold binding, whereas sections from the severely emphysematous lungs, rated subjectively as 3, exhibited an abundance ofreaction product and high concentrations of gold associated with elastin.
The immunohistochemical data do not establish the enzymatic activity ofthe neutrophil elastase which is immunolabeled. The interaction between alpha-l-proteinase inhibitor (PI) and elastase is essentially irreversible (25) and once complexed, the enzyme/inhibitor complex is recognized by the antibody (19). However, the complexed elastase does not selectively bind to elastin. This was established in earlier studies when elastase was purified on elastin affinity columns (8) . Elastase inhibited by alpha-l-PI could not be purified in this manner in that it did not adhere to the column (data not shown). As can be seen in Figs. 3 and 4 , the immunolocalization of elastase is enriched on the interstitial elastin. This suggests that active enzyme attached to insoluble substrate is the antigen being identified since inactive enzyme does not bind to elastin.
Localization ofelastase on elastin. Purified amorphous lung elastin was used as a negative elastase control as seen in Fig. 5 a. Little or no gold binding (four gold particles/ym2 elastin) was observed using the specific rabbit antielastase as the primary antibody. Similarly, purified amorphous lung elastin treated with rabbit antielastase antibody preadsorbed with antigen showed little or no gold binding (six gold particles/,um2 elastin) as seen in Fig. 5 b. A comparison of the binding of gold to elastin on a lung section immunologically stained using the specific antibody and a lung section immunologically stained using the preadsorbed antibody is shown in Fig. 5 c and d , respectively, using lung sections from patient 6 (severe emphysema). Using the specific antibody, a gold count of 155 gold particles/jum2 of elastin, above background, was observed while the control treated with preadsorbed antibody had a gold concentration of six gold particles/,gm2 ofelastin. Sections ofhuman lung elastin treated with human neutrophil elastase (2.5 jAg/mg and 25 jg/mg dry wt elastin) exhibited a gold concentration of 120 and 1,420 particles/ jm2, respectively, as seen in Fig. 6 a and b . Again, controls using preadsorbed antibody showed gold particle levels of less than 10 gold particles/im2 (figure not shown).
Quantitation of elastase distribution in lung tissue. Lung specimens from eight patients were studied in detail. Subjective evaluation oflung microscopic sections for emphysema severity utilized three classifications according to the typical appearances, as shown in Fig. 7 a, b , and c. Mild microscopic emphysema showed alveoli of uniform size with an occasional enlarged air space and minimal alveolar wall destruction. Moderate emphysema was identified by an increased number of enlarged air spaces, as marked by the asterisks. Severe emphysema showed marked nonuniformity ofalveolar size, a greater number of enlarged air spaces and an abundance of alveolar wall destruction. This microscopic emphysema was patchy and did not necessarily relate to the overall clinical status of the patients. Table III summarizes the averages of the histologic and immunolocalization data obtained from the eight lobes studied. The histologic severity and MLI were determined from 10 areas of each of four slides from different sections of the respective lobes. Although six slides were originally prepared for each lobe, only four were used because of atelectasis or the presence of an excessive number of large airways or major blood vessels. The data in Table III show that two lobes in group I (mild emphysema), showed 6% and 9%, respectively, ofthe grid squares containing elastin to be elastase-positive and 14 and 16 gold particles/ ,im2 of elastin. Three lobes in group II (moderate emphysema), showed more ofthe grid squares containing elastin to be elastasepositive and to have higher gold particle density. Groups I and II were significantly different at the P < 0.005 level for PAP distribution. Three lobes in group III (severe emphysema), showed 35%, 56%, and 54%, respectively, of the grid squares containing elastin to be elastase-positive and 26, 87, and 70 gold particles/,jm2 elastin. Groups II and III were significantly different at P < 0.05 for PAP and P < 0.001 for gold distribution. Groups I and III were significantly different at P < 0.005 level for PAP and <0.001 for gold. A comparison of average values of gold particle density or percent elastase-positive grid squares with corresponding average MLI values show linear correlation coefficients of 0.71 and 0.91, respectively (Table III) .
A more objective correlation of the distribution of elastase on elastin with the severity ofemphysema was obtained by evaluation ofeach ofthe electron microscopic grids for percent elastase-positive grid squares and each of the histologic slides for the average MLI. A plot of the percentage of elastase-positive grid squares containing elastin vs. the average MLI from each of four histologic lung specimens from each ofthe eight patients is shown in Fig. 8 .
These results show a significant increase in the distribution of extracellular, interstitial neutrophil elastase with increasing severity of emphysema, as measured by MLI. The linear regression line and estimating equation correlating the percentage of elastase-positive grid squares (% EPGS) to MLI (mm) is given by: % EPGS = -44 + 216 MLI, with a correlation coefficient of r = 0.81.
Discussion
The immunologic ultrastructural localization ofelastase in both human neutrophils and extracellularly in the interstitium of alveolar walls of human lungs offers a direct method to relate the presence and site of elastase binding with emphysematous changes in lung tissue. The results presented here demonstrated that elastase can be localized within the azurophil granules of neutrophils and in the lung, primarily in association with interstitial elastin, using either the immunoperoxidase or the im- Gold density on elastin = six particles/ium2. X 30,000.
Elastase Localization in Emphysema 489 munogold method. The immunogold method corroborated the immunoperoxidase localization of elastase and removed the ambiguity associated with possible interference of endogenous peroxidase or staining artifacts. Using the immunoperoxidase method, the distribution of elastase on elastin in the lung tissue was estimated morphometrically by determining the relative area of elastin exhibiting elastase-positive reaction product. The results show that the area of elastin identified with elastase reaction product increased with increasing severity of emphysema, as determined by a subjective grading system (Table III) , or by mean linear intercept, a more objective grading system (Fig. 8) .
On the average, sections from lung tissue rated as having mild emphysema had significantly fewer areas ofelastin covered with elastase reaction product than sections showing locally severe emphysema (Table III) . Thus, a linear correlation between elastase distribution and MLI was found in the lobes of this group of patients described in Tables I and II . FEVj% (Table II) did not correlate with smoking history, a not unexpected finding in this small group. There was no correlation between the values of FEVj% and MLI or % EPGS. This is also not an unexpected result in that histologic evaluation and % EPGS represented only a small volume of a single lobe and the lesions and elastase concentrations were nonuniformly distributed. As expected, upper lobes tended to show more severe lesions and increased elastase distribution than lower lobes. Although seven of the eight patients were smokers, the special effect of that cigarette smoke on the migration of neutrophils, the release of elastase and the process of elastin damage is not elucidated by these studies. However, several reports suggest a major role for cigarette smoke in these events (26) (27) (28) (29) .
Although completely "normal" nonsmokers' lungs were not available for these studies, we found that normal lung tissue from patients with histologic evidence of mild emphysema (patients 4 and 8, *, Fig. 8 The "protease-protease inhibitor balance" hypothesis proposes that neutrophils can release elastase to the lung interstitium where the elastase, ifuninhibited, can bind to and degrade elastin.
The present results suggest that elastase released to the interstitium does bind to interstitial elastin as predicted by the proteaseprotease inhibitor balance hypothesis. In addition, the results suggest that elastase is localized and retained in the interstitium in a nonuniform distribution, and may increase episodically as neutrophils migrate and release elastase to the interstitium in response to stimuli such as cigarette smoke. Because very few interstitial neutrophils were observed in the lungs of these patients, even with abundant elastase present, the process of elastin destruction of the lung may continue long after neutrophils have deposited elastase and disappeared from the lung. However, the turnover of elastase in the lung remains unknown. When radiolabeled pancreatic elastase is instilled intratracheally into hamsters (30) or rats (31) , the bulk of the enzyme is rapidly cleared, but 1% of the instilled enzyme is present in the lungs 3-6 d after administration. Similar studies have not been done with neutrophil elastase.
It is likely that neutrophil elastase, possibly released by neutrophils migrating through the alveolar interstitium or penetrating the epithelial or endothelial cell layers, can bind to elastin even in the presence of normal quantities ofalpha-1-PI inhibitor. Campbell et al. (32) showed that neutrophils, in close proximity to the connective tissue protein, fibronectin, can release elastase and digest the fibronectin. This proteolysis was incompletely inhibited by alpha-1-PI. Weiss and Regiani (33) showed that neutrophils could degrade a complex subendothelial matrix by releasing elastase when the cells were in close contact with the matrix and this proteolysis was only partially inhibited by large quantities of alpha-1-PI. Using various systems, a number of investigators have shown that once elastase binds to elastin, alpha-1-PI (34), phenylmethane sulfonyl fluoride (35) , or the small molecular weight chloromethyl ketone protease inhibitors (36) are only modestly effective in inhibiting proteolysis.
Because of the very tight binding of elastase to elastin, it is likely that the interstitial elastic fiber acts as an affinity matrix and concentrates the enzyme in identifiable locations within the alveolar interstitium. This may explain the infrequent observation of localization ofthe enzyme on the basement membrane. The use ofgold-labeled antibody (Figs. 3-6 ) allows quantitation ofthe enzyme, and with increased sensitivity, it may be possible to establish whether or not small amounts of enzyme are preferentially bound to other matrix components in the lungs of smokers. Antigen concentration or reactivity may also be responsible for the lack of any neutrophil elastase labeling in the few interstitial macrophages observed during this study. Although it is well established that alveolar macrophages are capable of receptor-mediated binding and internalization of neutrophil elastase, the macrophages do not bind elastase which has been previously coupled to alpha-l-PI (37) . Because the same macrophage receptor may recognize other neutrophil granule proteins (38), release of lactoferrin or cathepsin G may also reduce the efficacy of elastase uptake by the macrophage. In addition, The relative paucity of clinical research in the past decade involving the pathogenesis of human emphysema has been commented upon in a recent report issued by a National Heart, Lung and Blood Institute committee established to redefine emphysema (40) . The relationships between the clinical aspects of the disease, lung morphology, and pathogenetic mechanisms are still uncertain. Specifically, the relationship between early lesions in smokers and the recently hypothesized elastolytic Figure 8 . Correlation of the percent of grid squares containing elastin which are elastase-positive (% EPCIS) with the MLI measured on four slides from lungs of each of the eight patients described in Tables I   and II. mechanism needs study. Neutrophil elastase has been identified and localized in the pulmonary interstitium, and there is a correlation between elastase distribution and the histologic severity of emphysema. The immunogold technique will provide more precise quantitation of the amount of elastase in the lung than the peroxidase method, because the relative numbers of gold particles binding to elastin should be related to the quantity of elastase. Further study by ultrastructural immunolocalization methods, as utilized in this report, should provide the means to determine whether or not the proposed elastolytic mechanism is valid.
